A first-principles calculation based on an expansion of the time-dependent electronic wave function in terms of atomic orbitals (coupled-channel method) has been applied to evaluate the impact-parameter dependence of the electronic energy loss and the fluctuation in energy loss of swift ions colliding on H and He atoms at energies of 10 to 500 keV/amu. The results have been compared with experimental data as well as with other existing models, e.g. , the local-density approximation in an electron-gas target, the harmonic-oscillator target treatment, and the first-order plane-wave-Born approximation.
I. INTRODUCTION The phenomenon of energy loss of ions in matter has been studied for several decades. Although its overall properties are well known, there is no general theory that can accurately describe the energy loss in the whole energy range. Most of the existing models are based either on classical and semiclassical theories [1 -3] or on first-order quantum perturbation theory [4 -9] , and for this reason their applicability is limited. However, only recently, some effort has been made to attack the stopping-power problem starting from first principles [10] . In this treatment, the electronic and nuclear energy losses of an incident bare ion and the corresponding stopping powers are obtained by solving the electronic time-dependent Schrodinger equation coupled with the classical motion of the nucleus.
Besides the stopping-power and energy-straggling information, in some cases it is necessary to go into more detail in the energy-loss phenomena. In particular, channeling experiments and measurements of energy loss as a function of scattering angle demand the knowledge of the impact-parameter dependence of the electronic energy loss. Moreover, the full impact-parameter dependence of the energy loss is a basic quantity to describe spatially correlated collisions that play an important role in structured targets, e.g. , crystalline and solids and diatomic gases.
There are few descriptions of the average energy loss as a function of the impact parameter in the literature. Most of those models adopt either erst-order perturbation theory [7 -9] or local-density approximation in an electron-gas treatment of the target [11 -I S] or other approaches [2, 16, 17] in which it is hardly possible to determine the uncertainty due to the approximations involved.
In this work we will evaluate the average energy loss as a function of impact parameter Q(b) as well as the average of the square of energy loss Q (b) (related to the energy-loss straggling process) by using the improved quantum calculation of Ref. [10] for very light systems (p,P in H and He). The obtained Q (b) values will be used to compute the straggling in energy loss for hydrogen ions in H2 and He considering the projectile charge states and the structure of the target, for the H2 case. Some of the stopping-power calculations and a comparison with experimental data have already been discussed in a previous paper [10] . The same notation as in Ref.
[10] is used in this work.
In the following, we shall give a brief description of the theoretical procedure used to evaluate Q(b) and Q (b).
In Sec. III, numerical results are presented and discussed in connection with other energy-loss models. Finally, in Sec. IV, we provide a comparison of the calculated energy-loss straggling results with some existing experiments. If not indicated otherwise atomic unit (a.u. ) will be used throughout the paper.
II. THEORY
It is well known that the impact parameter b, the asymptotic transversal distance of the incoming ion trajectory from the target particle, is a meaningful concept for heavy colliding particles (m~m """) even for thermal energies [1, 18] .
In this approach we assumed that the nuclear motion can be described by These equations are so-called coupled-channel equations [20] . In the present work we have used a basis set with 10 gerade bound states and 80 gerade continuum wave packets [10] . The energies of the continuum states were chosen, depending on the projectile energy, from 0 to 500 eV and the largest angular momentum used was l =7.
With this basis set, the estimated error for the probabilities (3) is less than 1% for 10 keV and roughly 0.01% for higher energies (e.g. , 200 keV). For impact parameters smaller than 3 a.u. , the accuracy of the calculation depends weakly on the selected impact parameter b. For larger b, our evaluation is much more precise since only dipole transitions are important. The computation time is less than one hour per impact parameter without counting the time required to generate all matrix elements (around 20 h).
Further details of the calculation, e.g. , the numerical treatment of continuum states and the adopted basis set, may be found in Ref. [10] [22] . They have suggested that the a parameter is a function of interatomic screening length [3] and independent of the projectile energy.
From Fig. 1 we can also observe that the curves become Aatter at large impact parameters with increasing ion energy. This is in harmony with results of first-order perturbation theories [23] , where it is known that the mean impact parameter for excitation and ionization processes is proportional to the ion velocity v . It is emphasized that the contribution due to excitation becomes dominant at large impact parameters. We can also note that Q(0) follows the energy dependence of the electronic stopping power, showing a maximum around 80 keV [10] .
In Fig. 2 the calculated impact-parameter dependence of the electronic energy loss for protons on H at 30 and 300 keV is displayed. The dashed lines represent a simple model where it is assumed that the energy loss is propor- tional to the electronic density integrated along the ion path [24] . As can be seen from the figure, only for very small impact parameters (b (0.3 a.u. ) may the electronic energy-loss processes be considered as a local quantity.
As a matter of fact, for larger impact parameters the energy loss Q(b) falls off very slowly. This tendency, indicating a breakdown of the local-density model, was observed for all cases (H and He targets). This result, which was already pointed out in Ref. [16] , is very important, since most of the energy-loss models used in channeling experiments and theories are based on the assumption that the electronic stopping power is proportional to the local electron density [22, 24] . Figure 3 presented as evaluated by using a local-density electrongas treatment [15] . The agreement with all other calculations is bad. However, for the present cases, the applicability of such a model is rather dubious. In Fig. 4 the same calculation is shown as in Fig. 3 for 300-keV H++He. The (0-2) calculation was performed with two harmonic oscillators with the same frequency co=1.54 a.u. [17] . In this figure an experimental point from Ref. [25] [16] and [17] . The solid line (LDA) represents the evaluation by using local-density approximation in an electron-gas target [15] . H(ls) ground-state density was used. [10, 25] . For small impact parameters, e.g. , only states with angular momentum projection numbers m =0 need to be considered. It should also be pointed out that double-ionization processes become important for a He target mainly for very small impact parameters and the present calculations cannot properly take into account these processes because of the independent electron model which was employed in the calculations. Again we can observe from this figure that the local-density models, i.e. , theories based on a local behavior of the energy loss, cannot be applied for large impact parameters.
The impact-parameter dependence of the mean square of the electronic energy loss for protons and antiprotons on H at 10 and 30 keV is shown in Fig. 5 Fig.  5(b) ].
In the case of 10-keV protons, Fig. 5(a) Fig. 6(a) ]. This means that the excitation and ionization probabihty behaves like a 6 function. As a matter of fact, this is a signature of resonant electron capture, which is very important at these energies [10] . IV [33] . Both formulas (9) and (10) assume a fully stripped projectile.
In Fig. 7 Fig. 8 . R fs. [32] (square) and [33] (triangle).
Solid curves represent the calculation wit ith the molecular term correction from q. Fig. 10 , i.e. , "molecular correlation, " stand for an independent particle treatment of double ionization. The double-ionization probabilities are known to be overestimated by a factor of 6 in the independent particle model [25] . However, it is not possible to determine from the existing experimental data the uncertainties due to approximations involved in our treatment.
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V. CONCLUSIONS
In the present work we have presented for the first time a coupled-channel calculation of the mean and mean square energy loss as a function of the impact parameter for bare ions colliding with H and He atoms. We have obtained a near exponential shape of Q(b) for small impact parameters, in analogy to the one suggested by Oen and Robinson [22] . The effect of a molecular target structure in the energy-straggling process was also exactly computed by using Q(b) calculated with the coupled-channel method. For the present cases, this effect is very small if we compare with the one proposed by Sigmund [30] (by a factor of 4) .
By This work shows the possibility of performing firstprinciples (coupled-channel) calculations of the energyloss phenomenon, which until now was very scarce in the stopping-power literature.
